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)It3STRACT

This paper presents resul s from a Los Alamos
National Laboratory Engineering and Safety
Anaiysis Group assessment of the worse-case
design-basis accident ass[xiated with the Clinton
l’. Anderson Meson Physics Facility (LAMPF)/
Weapons Neutron Research (WNR) Facility. The
primary goal of the analysis was to quantify the
accident sequences that result in personnel radia-
tion exposure in the WNR Experimental Hall
following the worst-case design-basis accident, a
complete spill of the LAMPI; accelerator 1L beam.
This study also provides information regarding the
r[~les of hardware systems and operators in these
sequences, and insights regarding the areas where
improvements can increase facility-operation
safety, Results also includt’ confidence ranges to
incorporate combirwd effects of uncertainties in
prt~bability estin~~tes and importance measuws to
det?rmine how v,~riations in individual ev~nts
affect the frequtmcies in accident sequenw.

1, INTRC)DUCTION

Thv Los Alam(}s Meson Physics Facility
(LAM1’F)/Wea}ums Neutron Reseiirch (WNR)
Facility is one ot a complex of research f,iciliti~s at
the Los Alamt)s h’itti~mal hboratory (LANL) that
uses accelerated ion mtput from LAMPF. LAM1’F
Line D/1 L i(ms are t?ansportwi h) the WNR
Neutr[m %attwing E~perimvntal t{all (ER-2)
whwe thy pr(xi uct’ n(’u:r(ms for nuclear structures
w reactions investigati(m~, N{wmal WNR ‘)per~-
titms are ass(rcifltt’!! 1A’’” , ,~1hazards, surh

College Park, MD ‘20742

as penetrating radiation produced by ion/nucleus
impact and delayed radioactive emissions from
activated materials. ER-2 personnel are protected
from these hazards primarily by shielding acd
passive personnel barriers. In coritxast, errant-
beamdelivery accidents require both shidding and
quick-response active mitigation system protection
because of the potential fol rapid accumulation of a
large radiation dose. This paper quantifies the
risk associated from a LAMPF facility design-basis
beam-spill accident initiated by failure of a high-
field type-C ILMPO1 90” beam-steering magnet.
This single initiator has occurred at a historical
rate of 0.01 /yr .

11, ACCIDENT SEQUENCE ANALYSIS

A. Svstem responses

A total of 4 ionizing Radiation (lR),
4 Gamma Dt!tc~h)r (GD), and 13 Nwtron Dwectur
(ND) chamber: should detect the increased ER-2
radiation lev~l * resulting from the accident initia-
tor, As de.scril},ti below, these detectors and their
electronic-mom’oring equipment intwact with
three systems- Fast Protect (FP), Run Permit (R1’),
and the Radlat:, m Security System (RSS)—to elim-
inate Ow r~diatim hazard creattd by tht’ resultlng
brain/structure intwaction.

The primary purpose of FP, which ik ct)m-
prised of two rwdundant systems, is to minimizt~
equiprm’nt activati{m by interrupting bmrn dvliv.
wy when ~ beam spill t’xtends Iwyond wt,~blishvd
limits, I{owiww, i~ithtv (tf th(j two F1’s l’i~nttlw)



provide personnel protection by rapidly interrupt-
irtg beam on a pulseto-pulse basis by electrostatic
deflection. The FP systems also automatically
generate a gate pulse that shuts off LAMPF ion
beam sources.

RF is a system of interlocks and iogic
designed for two purposes: (1) to ensure correct con-
figuration prior to beam delivery and (2) to con-
tinuously monitor the status of selected operating
parameters during beam delivery. RP also provides
protection by generating an ion-source turn-off pulse
artd by causing a single plug (TBBL02) to insert into
the beam path in response to a change in lLMPO1
magnet excitation current.

The RSS is the only safety-grade radiation
protection system ,~t LAMI’F. The RSS employs
fail-safe component logic configurations and redun-
dancy as part of a passive personnel barrier to
exclude ~. rsomel from access to any direct beam.
RSS also incorporates radiittion detectors (GD and
NDs) that operate to terminate spill accidents by
causing two pairs (TBBLOl /(11BLO1and LDBU)l /
LDBL02) of plugs to be inserted into the beam path,

Automatic beam deflection, ion-source turn
off, or plug insertion all result in elimination of the
ER-2 radiation hazard created by an errant beam,
Hov’ever, if all of the.+e automatic systems fail,
LAMPF operati{ms personnel can still manually
shut off ion ~mrces in r-prose tt) RI’, and RSS
audible or visual alarms

B. Accident-squence event tree

Tlw accident-seyuence event tree for the
LAMI’F accelwat(w 11. btwm spill initii~tvcl by a
1LMPOI 9(V’beam-stwring makmet failure is sh(nvri
in Fig. 1, For this ani]lysis,several systems, such as
the two FP electrtmics and t)wir ass(wiat+d ct~*flec-
tors, were c(m~didated into sin~lp event ttq~s in
ordw to minimiz~l tlw numb’r of .stquwww ‘l”h*
f(dlowing secti(m discusws ttw gviwr~l pr(~-durm
UMX1to quantify tlvtwt. twe brant’h prob,~l~ilitiw,

Ill. SYSTEM AN ALYS[%

itors, relay-logic systems, mechanical beam-plug
systems, and operator-recovery actions with ion
source shut off. Discussion of the failure amlyses
~or these system categories follow.

A. Sensors and analog electronic monitors

The sensor and amlog electronic moni-
tor systems include: the IR(4), CD(4), ND(13), and
RP systems as well as the two F’P/deflector pairs
that are combined into the single “Beam is
Deflected” top event. Each of these combines a
radiation chamber or current (RP only) sensor with
a monitoring circuit that causes at least one relay in
the R% logic string to open when the monitored
signal moves outside a presel=ted range.

Event-tree branch probabilities for the
sensor artd monitor systems were calculated using
the Set Equation Transformation Systmn (SIX)
codel to solve their fault trees. Individual system
fault trees were constructed using LAMPF drawings
to identify hardware failures and operations
manual test procdums m source documentation for
human errors. Human Error Probabilities (HEP)
were calculated using historical data, when
available, or the Technique for Hunti;n Error Rate
Prediction (THERP).2 Additiomil}, we assumed
the ND microprocessor instruction set was l(N)O\”
reliable.

%msor and analog electronic monitor system
fault trees also include combinations of indtqw-uient
and common-cause failures for the redundiwt IR,
CD, and NJDsystems. These common-cause failure
probabilities were quantified using the Multiple
Greek Letter Model,3

B. Relay-logic system

sFrs WASi!ho used t(~WdVt} fw’ the
RSS l(~gic syst~m vvwrt-trvt’ bri}ilch probability.
I)t’titihd discussi~m of thr IVY+fault t! t~s IS
included in a previous LANL !$afety ‘An,llysis
Gr(wp study.
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the resultant change in failure rates. The source fm
a smaller number of hardware failure rates and EFs
was lEEE Standard SO0.5

line. We assumed the gate circuitry is at least as
reliable as the most reliable system providing a ion
shut-off trip, the RP system, and assigned the R1’
value to the ion source shut-off top event.

C. Mechanical beam plugs
E. System anaIyses results

A total crffive beam plugs can be inserted
into a LAMl>F beam path in response to the initiat-
ing event. ‘Ihe successful opening of art RSS logic-
string relay it’ response to a radiation-monitor
system trip causes two pairs of plugs to be simulta-
neously inserted into the beam path. One pair,
TBBLO1 and 01 BLOl, is inserted into a low-energy
beam region while the other pair, LDBLO1 and
LDBL02, intersects an accelerated beam. Plug
TBBL02, however, is imwrted only when the
1LNIIWI rrqpet excitation current mows out of a
specified range. The branch probability for
TBBL02 is the LAMI’F historical demand-failuw
rate for single plugs. Branch probabilities fw both
of the plug-pair t(>p events were calculatfi,i by sum-
ming two single plu~ point values with a value for
the common-cause failurt’ of h)th plugs. A generic ~
(beta) fi+ctor of ~~.1WASused for this dependeni
failure of tw{)-similar-comportent event,

D, ~>pt’rat(~r-reco~’ery actions with itm
~Jurce shut t)ff

Branch failure median values and error
factors for the 11 t-went-tree system responses are
listed in Tabit* 1. Analysis quantification, post-
processing and lmcwtainty results were obtained
using the Set Evaluation Program ( SEI’) code.7

With the exception of the FP system, the
unreliability of each system was in the range of
103. FP is not a system that incorporates safety-
grade featuws, such as redundancy, and tlwrefere
its high unreliability reflects a high degree c)f
single-failure susceptibility. Even with’ its high
failure probability, including Fr in the analysis as
a mitigating system does Icwer tlw total accident-
sequertce frtquency.

Iv. EVENT-TREE SEQUENCE RESULTS

The %ndia Event Tree &ANET)~ code was
used to troth construct the analysis event trtw t-mi to
quantify its accidertt sequences using the fault-tree
linking meth(d,y,i’) This n-top event tree has a
total (}fW sequences, of which 34 have thr p(>ten-
tial to result m art undesifvd l~diilti(~ll-ex p(~surt’
Outc(mlv

“]”ht’h)t~l acci~lt’nt-sw]uer](’t’ t’~posurt” fru-
quwwy is tl.2 x 10 ‘/yr with an wrt~r factor of 22.
Thv s(dutl(m s(’t has five sequt’net’s with frw]mw~ies
grvater than 1 x 10 10/yr ttnd fivt’ st~lut’mws having
frvquvncies between 1 x 10 l[’/yr and 1 x 1012/yr,
‘llw rvmttinin}; 24 t’xpt~:urt} stw]uvnct% havv frt~pwn
tit’s Iowt’r than 1 x 10 12/yr.



TABLE 1 EVENT-TREE SYSTEM VALUES

Event Top Median Value
IR ion chamber (1/4j initiates mitigation 2.3 x 10?”
Beam is deflected 0.4
CD(1 /4) detects high radiation 1.OX 102
ND(1 /13) detects high radiation 15x 1(FS
RSS initiates mi iigat ion 1.0 x 102
Magnet sensor & RP initiate mitigation 5.0 x lo~
Beam plug TBBL02 inserted 4.20 X 10?
Plug TBBLO1 or OIBLO1 inserted 4.20 X 103
?lug LDBLO1 or LDBL02 inserted 4.20 X 103

@@ator shuts off ion sourca

Lm source shuts off on dernand

1 alarm response 7.1 x 1(1~
2 alarm response 7.6 X 103

5.0 x I(JS
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EF
4.8
4.1
5.5
1.8
5.5
3.3
5.0
5.0
5.0

10.0
10.0
3.3

VWSULI’IN(; FROM “H{E

1.ANI. accvk’r~tt)r s,~tvt~’ w(whshopl 1 rt’vi(’w p,im’1,

We AIs(} showtd th,~t impl(wvnwnts in thv H’
systvm signit]c,mtly l(wv(~r thll risk frtm~ this I)IIA.
Lastly, wv dwmmstratd the lJtility of a 1’RA f(~r

acct’lercltftr fat.ilitik~:,,
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a software reliability analysis as part of the ND
and operator-r=overy action systems. Upon com-
pletion of these tasks, we intend to perform the
consequence analysis associated with the DBA
discussed in this paper, evaluate other LAMPF
accident sctmarios, and develop a general database
on the reliability of accele~ator safety systems.
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